Searching for novel spin caloric effects in antiferromagnets we study the properties of thermally activated magnons in the presence of an external spin current and temperature gradient. We predict the spin Peltier effect -generation of a heat flux by spin accumulation -in an antiferromagnetic insulator with cubic or uniaxial magnetic symmetry. This effect is related with spin-current induced splitting of the relaxation times of the magnons with opposite spin direction. We show that the Peltier effect can trigger antiferromagnetic domain wall motion with a force whose value grows with the temperature of a sample. At a temperature, larger than the energy of the low-frequency magnons, this force is much larger than the force caused by direct spin transfer between the spin current and the domain wall. We also demonstrate that the external spin current can induce the magnon spin Seebeck effect. The corresponding Seebeck coefficient is controlled by the current density. These spin-current assisted caloric effects open new ways for the manipulation of the magnetic states in antiferromagnets.
INTRODUCTION
Spin caloritronics is a new emerging field which merges spintronics and caloritronics. Its focus is on manipulating and controlling magnons and spins with a temperature gradient. Within this field many thermoelectric effects such as Seebeck, Peltier, Joule-Thompson effects were extended to include spin transport phenomena in ferromagnets 1-8 . Very recently some of the spin caloric effects have been also reported in antiferromagnets [9] [10] [11] [12] [13] . Antiferromagnets are promising materials for spintronics and spin-caloritronics because they operate at higher frequencies compared to ferromagnets and have more magnetic degrees of freedom which could be involved in magnon transport. However, possible physical mechanisms of the combined thermal and magnon transport phenomena in antiferromagnets still require thorough understanding. In addition, because the magnon dynamics in antiferromagnets and ferromagnets are quite different, new functionalities of antiferromagnetic materials should follow as we explore their behaviour under action of the magnetic fields, electrical currents, and temperature gradients.
The crucial difference between the spin caloric effects in ferro-and antiferromagnets steams from the fact that antiferromagnets posses zero or vanishingly small net magnetization. This entails spin-neutrality of an antiferromagnetic magnon gas and hinders observation of spin caloric effects in antiferromagnets. To overcome this challenge and to remove spin-degeneracy of the nonpolarized magnon gas one can apply an external magnetic field simultaneously with the temperature gradient, as it was done in several experiments 9, 11, 12 . Here we consider another option to stimulate the spin caloric effects in antiferromagnets focusing on the thermo-magnonic effects assisted by an external spin current.
In contrast to the external magnetic field which affects the magnon frequency, the external spin current (or spin accumulation), via spin transfer torque mechanism, can split the degeneracy of the magnon relaxation times (damping coefficients) 14 . The relaxation times, according to the fluctuation-dissipation theorem (FDT), are the important constituents of the Onsager coefficients which couple the fluxes of magnons, magnon spins, and heat with the conjugated thermodynamic forces (magnon/spin accumulation and temperature gradient). Thus, manipulation of the relaxation times with spin current enables to control the values of the Onsager coefficients and induce the corresponding thermomagnonic effects.
In the present paper we analyse the magnon spectra of an antiferromagnet and calculate the magnon (spin) Seebeck coefficients as a function of the density and polarization of the external spin polarized current. Basing on the properties of the magnon spectra we predict the spin Peltier effect and describe the magnon (spin) Seebeck effect supported by the spin current. We show that the Peltier and the magnon (spin) Seebeck effects can induce motion of the antiferromagnetic domain walls. We compare the driving forces induced by the thermal and non-thermal mechanisms in the presence of the external spin-polarized current. Combination of the predicted caloritronic and spintronic effects can be used for the effective switching between the different antiferromagnetic states in experiment-friendly geometry. 
I. MODEL
We consider a simple case of a collinear antiferromagnet with two magnetic sublattices M 1 and M 2 which are antiparallel and fully compensate each other in the equilibrium state. While moving, these vectors are slightly tilted forming nonzero magnetization m = M 1 + M 2 . However, due to the strong exchange coupling between the magnetic sublattices (parametrized with the constant H ex ), the magnetization m is small and the state of an antiferromagnet is fully described by the Néel vector n = M 1 −M 2 whose magnitude |n| = 2M s is fixed well below the Néel temperature. In general case the Néel vector is space-and time-dependent variable, n(r, t).
The dissipative dynamics of the Néel vector at a finite temperature are driven by i) the anti-damping-like torque
15
∝ n × s × n, which emerges from the dc spin polarized current with spin polarization s, |s| = 1, and ii) the field-like torque n × h n created by the thermal stochastic field h n 14,16 . Equation of motion for the Néel vector in the presence of these torques is 15, 17 :
where c is the magnon velocity, α G is the Gilbert damping constant, γ is the gyromagnetic ratio, and H n = −∂w an /∂n is the internal effective field defined by the profile of the magnetic anisotropy energy w an (per unit volume). For convenience, we characterise the effective density of spin-polarized current with the value H dc which has dimensionality of the magnetic field. In the particular case when the spin current is generated by the spin Hall effect,
, where is the Planck constant, d AF is the thickness of a film, 0 < ε ≤ 1 is the spin-polarization efficiency, θ H is the bulk Hall angle, e is an electron charge, and j dc is the dc current density in a heavy metal electrode. The thermal noise h n is characterised by zero average and the correlator
where the constant D is related with the damping coefficient and temperature according to the FDT, as will be discussed below.
II. MAGNONS IN THE PRESENCE OF THE EXTERNAL SPIN CURRENT
To calculate magnon transport in different conditions we first analyse the eigen modes of an antiferromagnet in the presence of a spin-polarized current. For this we solve Eq. (1) for the different values of spin current H dc and different orientations of s, assuming h n = 0. For definiteness we consider a cubic antiferromagnet (exemplified by an archetypal antiferromagnetic insulator KNiF 3 ) with the magnetic anisotropy energy (per unit volume)
Here H ⊥ an > 0 is the magnetic anisotropy field. An equilibrium orientation of the Néel vector n (0) is defined from balance of the torques created by the spin current and the internal effective field:
In absence of spin current the Néel vector n (0) (H dc = 0) points to one of three equivalent easy directions x, y or z. Equations for small excitations δn = n − n (0) are then obtained by linearising Eq. (1) as follows; where
is the dimensionless matrix whose structure depends on the orientation of n (0) . The magnon spectrum of the antiferromagnet consists of two degenerate branches which, in absence of spin current, correspond to the circularly-polarized modes with the amplitudes a 1,2 (k), frequencies ω AF 1,2 = ω 2 AFR + c 2 k 2 , where k is the wave vector ? , and the relaxation constant (damping coefficient),
As oscillations of the Néel vector create a dynamic magnetization m = n ×ṅ/(2γH ex M s ) 18 , each of the circularly polarized modes carries a nonzero magnetization (∝ spin) whose direction is parallel/antiparallel to equilibirum orientation of the Néel vector:
The properties of the magnon spectra for different s and H dc are summarized in Figs. 1, 2, and 3 plotted for KNiF 3 which has the following parameters: H ex =1200 T, H an =24 mT, α G = 2 · 10 −4 , and T N =246 K 19 . Field-current conversion corresponding to spin-pumping via spin Hall effect with the Hall angle θ H = 0.1 20 into the sample with thickness d AF = 1 nm can be estimated as H dc /j dc = 1 mT/(MA/cm 2 ). We start discussion of these figures from analysis of two limiting cases, s n (0) and s ⊥ n (0) , which represent two qualitatively different scenarios. Spin current polarized along the Néel vector, s n (0) , induces current-depending splitting of the relaxation constants of the modes (Fig.1(b) , and data at ψ = 0 in Figs. 2 and 3):
leaving the frequencies ω AF 1,2 , polarization, and the magnetizations of the modes unaffected. The mechanism responsible for modification of the relaxation constants is based on spin transfer from the external spin current to the magnon mode. In particular, the spin current suppresses the damping constant of the mode with m ↑↑ s and enhances the damping constant of the mode with m ↑↓ s.
The difference between γ AF 1 and γ AF 2 grows with the current value, H dc , until one of these constants (depending on the current direction) turns to zero. At this point, H dc = H cr1 dc ≡ α G ω AFR /γ, the system becomes unstable with respect to coherent rotation of the Néel vector 15, 21 , corresponding value of the spin current sets the phase boundary, as shown in Fig. 1 .
Spin current polarized perpendicular to the Néel vector, s ⊥ n (0) , modifies the frequencies, polarization and magnetization value of the modes but has no effect on the damping constants (Fig. 1 (c) , and data at ψ = 90
• in Figs. 2  and 3 ). In this geometry the spin-polarized current creates a torque which induces a small angle deviation θ 0 of the equilibrium Néel vector from the easy axis, as shown in Fig. 3 (a) . As a result, the eigen modes in this tilted state are linearly polarized (inset in Fig. 2 ) and posses zero average magnetization (Fig. 3 (a) ). The corresponding frequencies are nondegenerate and their splitting depends on the current value (Fig. 1(c) ). The state becomes unstable when one of the frequencies goes to zero, which happens at
The described scenarios demonstrate that the external spin current can either modify the relaxation times (when s n (0) ) or frequencies (when s ⊥ n (0) ) of the magnon modes. In the latter case the effect of spin current is similar to the effect of the external magnetic field and we call this scenario field-like, to distinguish it from the other, the antidamping-like one. In a generic case 0 < ψ < 90
• , the effect of spin current on spectra also follows one of the scenarios, depending on the density and polarization of spin current. This can be seen from Fig. 2 which shows angular dependencies of the damping constants and frequencies. Splitting between the relaxation constants γ = 0 (dotted line in Fig. 1 ), separates the regions with antidamping-like (area I) and fieldlike (area II) behavior. These point also corresponds to disappearence of the dynamic magnetization of the modes (Fig. 3(a) ).
To compare the field-like and antidamping-like effects of the external spin current we calculate the relative splitting of the damping coefficients and frequencies normalized to the value at zero current ( Fig. 3(b) ). Maximal frequency splitting is almost two order of values smaller that the splitting of the damping coefficients and thus can be neglected. In what follows we concentrate on the caloritronic effects which appear due to the splitting of the damping coefficients.
III. SPIN PELTIER EFFECT IN ANTIFERROMAGNETS
The spin Peltier effect is defined as generation of a magnon heat flux by a spin current through the interface between the heavy metal and the magnetic insulator 4 . Up to now the spin Peltier effect was observed in ferro(ferri)magnets 2 as cooling or heating of the magnon gas depending on mutual orientation of the spin current polarization and magnetic moment of a ferro(ferri)magnet. The underlying mechanism is related with transfer of spin and energy from the heavy metal electrons to the magnons in magnetic insulator via spin transfer or spin-orbit torque. Formally this means that the damping coefficient of the magnon modes which, according to FDT, defines the effective temperature of the magnon gas, increases or decreases due to the external spin current 22 . We argue that the same mechanism should provide existence of the spin Peltier effect in antiferromagnetic insulators. To prove this, we solve Eq. (1) in the presence of thermal noise. From FDT, in assumption that ω AFR k B T , it follows that in absence of current the noise correlator (Eq. (2)) is equal to
where T is the temperature, k B is the Boltzmann constant. However, in configuration, in which the external spin current splits the damping coefficients γ AF 1,2 (area I in Fig. 1(a) ), each of the magnon modes acquires different effective temperatures ? :
The second equality is valid at a relatively small current value, H dc < H cr dc , H cr dc (ψ) dependence is shown in Fig. 1(a) . As a result, the temperature of the magnon gas, T mag , calculated as an average magnon energy, depends on the angle ψ between spin current polarization and the Néel vector as follows: creates a transverse spin current and generates a spin accumulation s at the interface. In the left (orange) region, where the Néel vector n1 s (ψ = 0), the spin torque transfers angular momentum and energy from the electrons in the heavy metal to the magnons in an antiferromagnet thereby cooling the electrons and heating the magnons, effectively raising the magnon temperature Tmag with respect to the electron temperature T . In the right (blue) region, where the Néel vector n2 ⊥ s, there is no spin transfer from the electrons to the magnon gas and Tmag = T .
Thus, the temperature of the magnon gas is higher than T in the antidamping-like region I of phase diagram Fig. 1(a) and coincides with T in the field-like region II. Fig. 4 shows angular dependence ∆T (ψ) calculated for KNiF 3 (blue diamonds). For the relatively small currents H dc ≤ H cr dc this dependence is well approximated by cos 2 ψ (magenta solid line) in the full range of angles.
From Eq. (10) it follows that the difference ∆T (ψ) is maximal when s n (0) and vanishes when s ⊥ n (0) . This means, in particular, that the spin Peltier effect results in the effective temperature gradient between the 90
• antiferromagnetic domains, as shown in inset in Fig. 4 . This gradient can create a force which moves the domain walls in antiferromagnets, similar to a force created by "standard" temperature gradient 16, 23 . Domain wall motion can be used to observe the spin Peltier effect in antiferromagnets. Really, geometry in which the external spin current induces domain wall motion via the spin Peltier effect (inset in Fig. 4 ) excludes direct spin orbit torque mechanism considered in Ref. 24 . Thus, these two effects can be clearly separated in the experiment. Moreover, while temperature gradient creates the so-called ponderomotive force which pushes the domain wall toward the hotter region and eliminates unfavouralble domain, spin orbit torque induces simultaneous shifting of all the domain walls in the same direction, typical for the race-track memory 24 . This difference in behaviour can be also used to distinguish between two mechanisms which can be induced by the external spin current.
We also believe, that domain wall motion via the spin Peltier effect can find practical applications because i) inplane geometry of the external spin current is consisted with spin Hall effect; ii) the effective force, which acts on the domain wall, grows with temperature and can be much larger than that originating from spin transfer (orbit) torques. To confirm the second statement we compare the forces acting on the 90
• domain wall between domains with n 1 x and n 2 ŷ in two configurations: s x (the force is induced by the spin Peltier effect) and s ẑ (the force is induced by the spin transfer torque). For this we use general expression for the forces acting on the domain wall (see Supplementary Materials in 25 ):
where T are the torques in the r.h.s. of Eq. (1), ξ is the space coordinate in the direction of the domain wall normal, and n (0) (r, t) satisfy equation of the domain wall motion in the absence of the external torques and damping. The force generated directly by the spin transfer torque (in the simplest geometry where s ⊥ n throughout the domain wall) is then F STT = πH dc M s . The force created by the magnons due to the spin Peltier effect is
2 , where N is the number of the excited magnons (for the details see Appendix). For KNiF 3 at T = 150 K and H dc = 1 mT the ratio F Peltier /F STT ∝ 100.
The external spin current can also induce the spin Peltier effect in uniaxial antiferromagnets like Cr 2 O 3 or MnF 2 . However, observation of the effect in these materials can be challenging due to the absence of the non-180
• domains.
IV. MAGNON (SPIN) SEEBECK EFFECT INDUCED BY THE EXTERNAL SPIN CURRENT
In the previous section we considered a simplified picture of the spin Peltier effect disregarding magnon dispersion. In this section we give more accurate description of spin caloritronic phenomena induced by the external spin current. We focus mainly on the Seebeck effect which is thermodynamically conjugated to the Peltier effect due to the Onsager reciprocal principle.
The magnon Seebeck effect is defined as generation of the magnon flow with a current density J mag by temperature gradient ∇T . In contrast to ferromagnets, an antiferromagnetic magnon flux can be either non-polarized or can have a nonzero average spin (anti)parallel to n (0) . In the latter case we talk about the magnon spin Seebeck effect in which the spin magnon current with the current density J spin mag is created. To illustrate the idea of the magnon (spin) Seebeck effect in antiferromagnets we use general approach developed in Ref. 10 . In assumption that the magnon spectra consist of two types of circularly polarized modes, each of which can carry "up" or "down" (↑ or ↓) spins, the spin magnon current is calculated as a difference between the magnon fluxes with opposite spin direction. Ultimate expression for the spin magnon current density induced by the temperature gradient (disregarding spatial variation of the magnon accumulation) is:
where f Analysis of Eq. (12) shows that no spin Seebeck effect can be observed as long as the spin-up and spin-down modes of an antiferromagnet are degenerate, so that f
↓ , τ ↑ = τ ↓ , and J mag = 0. To remove degeneracy of the modes one can apply the external magnetic field H n (0) , as it was done in the experiments 9, 11, 12 . The magnetic field splits the frequencies ω ↑,↓ of the up and down modes (ω ↑ − ω ↓ ∝ H) and has no influence on the relaxation times, τ ↑ = τ ↓ . In this case the spin Seebeck coefficient S See , which defines relation between the magnon spin current and temperature gradient, J mag = S spin See ∇T can be calculated from expression
Degeneracy of the magnon modes can be also removed by the external spin current, as it was discussed above. Assuming that the main contribution into relaxation comes from Gilbert damping, we find that the relaxation times τ ↑,↓ = 1/γ AF 1,2 and, according to Eq. (7), τ ↑ − τ ↓ ∝ H dc (s · n (0) ), while the magnon frequencies are degenerate. In this case f
and the spin Seebeck coefficient
Fig . 5 illustrates the field, spin current and temperature depencies of the spin Seebeck coefficient in KNiF 3 calculated from Eqs. (12) . For calculations we model the magnon dispersion as ω AF = ω 2 AFR + γ 2 Hex 2 sin 2 (πka), where a is the lattice constant, and assume Bose-Einstein distribution for f (Fig. 5, inset) , that demonstrates high efficiency of the external spin current compared to the external magnetic field.
While the spin magnon Seebeck effect is mediated by the circularly polarized magnons and thus can occur only under the certain conditions (e.g., in area I for cubic antiferromagnet, see Fig. 1 ), the magnon Seebeck effect is not sensitive to the magnon polarization and ability to carry spin. This can be seen from the general expression for the magnon Seebeck coefficient
which is nonzero even if τ ↑ = τ ↓ . However, in the antidamping region (area I) there is an additional contribution ∆S Fig. 6 ) which appears due to the energy transfer from electrons in heavy metal to the magnon gas, similar to the mechanism responsible for the spin Peltier effect. This contribution also grows with temperature (inset in Fig. 6 ), similar to S spin See .
V. CONCLUSIONS
To summarize, we considered spin caloric effects in antiferromagnets induced by the external spin polarized current. These effects steam from the spin exchange between the spin-polarized electrons and thermal magnons and thus are demanding to ability of magnons to transfer spin. This means, in particular, that all the considered effects should be pronounced in antiferromagnets whose spin-wave eigen modes are circularly polarized, i.e. in easy-axis or cubic materials. In antiferromagnets with easy-plane type of the magnetic ordering spin transfer between electrons and magnons is hindered due to the incoherence of the linearly-polarized modes. In this case interpretation of spin caloric effects needs more sophisticated models.
We demonstrate that the spin caloric effects assisted by the external spin current can be much more effective than the spin caloric effects in the presence of the external magnetic field (spin magnon Seebeck effect) or pure "mechanical" effects of spin current (spin Peltier effect). The predicted spin Peltier effect in combination with the temperature gradient can be used for the precise manipulation of the 90
• domain walls. The (spin) magnon Seebeck effect should be taken into account in the experiments with spin Hall geometry, as in this case the spin-polarized current can create additional magnon diffusion. 
